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Abstract 
Large amounts of mineral dust are exported from North Africa across the Atlantic Ocean, impacting 
the atmosphere and ocean during transport and after deposition through biogeochemical processes. In 
order to characterize the isotopic signature of dust from different seasons and years, in relation to their 
bulk particle size, and to obtain a general idea of its provenance, Saharan dust was collected using 
subsurface sediment traps moored in the tropical North Atlantic Ocean in 2012–2013, and by 
shipboard aerosol collection during three trans-Atlantic research cruises in 2005, 2012 and 2015. The 
samples were analysed for radiogenic Strontium (Sr), Neodymium (Nd), and Hafnium (Hf) isotopes, 
rare earth element (REE; La-Lu) abundances and particle size. In addition, soil sediments from 
Mauritania, a potential source area, were analysed and compared to the Atlantic dust samples. The 
results indicate no relation between Sr and Nd isotopic compositions and dust particle size. In contrast, 
Hf isotopic compositions show a strong relation with particle size, associated to the so-called zircon 
effect. We explored alternative sources of lithogenic particles to the sediment traps such as Amazon 
River sediments. Our results reveal that the sediment-trap samples bear distinctly different 
geochemical signatures from sediments from the Amazon Basin and Amazon River tributaries, and 
confirm that the primary source of lithogenic particles is northern Africa. The collected dust samples 
show close relations to African dust aerosols collected at Barbados and samples from the Bodélé 
Depression, although differences between seasons are observed, which we relate to differences in 
source areas. 
 
1 Introduction 
The Sahara Desert in northern Africa is the world’s largest dust source (1), contributing up to 70% of 
all global annual dust emissions (2, 3). In particular, the Bodélé Depression, located in the region of 
the Lake Chad Basin, is currently the largest single dust source, with the biggest dust export in the 
world (4, 5), and appears to have been active for at least several hundred to thousands of years (6, 7). 
Nevertheless, the contribution from the Bodélé Depression aerosols transported over the Atlantic basin 
arriving at Barbados in the Caribbean appears to be small (8-10). Most dust emitted from North 
African sources is transported westward across the Atlantic Ocean, with an estimated amount of 182 
Tg between 30° N and 10° S every year (11). The emitted dust impacts both the atmosphere and the 
ocean, from affecting the atmospheric radiation budget (12) and acting as cloud condensation nuclei 
and ice nuclei (13, 14), to the enhancement of the ocean’s carbon cycle by delivering nutrients 
stimulating phytoplankton growth (15), and by mineral ballasting of organic particles in the ocean (16-
18). Saharan dust can also transport viable spores, pathogens and microbes over great distances (19), 
which can impact marine and terrestrial ecosystems (20), and be harmful to human health and increase 
mortality rates (21, 22). 
 
Dust particle size and composition vary seasonally, and with the distance over which the dust is 
transported. Particle sizes decrease downwind as a result of more rapid gravitational settling of coarse-
grained particles (23, 24), while the mineralogical and isotopic composition of the deposited dust 
changes downwind by the preferential settling of heavier quartz and zircon particles closer to Africa 
(9, 25). At Barbados in the Caribbean, daily dust samples have been collected for over 50 years (26-
28), making it one of the longest present-day dust records. Dust concentrations at this island peak 
during the summer months, related to the latitudinal movement of the Intertropical Convergence Zone 
(ITCZ). This leads to a northern displacement of the dust cloud over the Atlantic Ocean in summer, 
followed by a southward migration in winter (29). In addition, mineral dust is typically transported at 
low altitudes (< 3000 m) by the trade winds during the winter season, whereas the Saharan Air Layer 
(SAL) carries the dust at higher altitudes (> 5000 m) across the Atlantic during the summer (23, 30, 
31). The latitudinal and altitudinal seasonal shift of the dust-carrying atmospheric systems, in turn, 
results in a change of dust transport from different source areas and thus a seasonal change of dust 
composition (9, 32). 
 
Compositional characterization of trace elements and different isotope systems of mineral dust 
particles can yield information about the source area of the dust (33), and selective processes during 
transport and deposition such as the sorting based on particle size and shape. Dust provenance 
identification can be aided by determining the mineralogical composition (32, 34-36), geochemical 
composition (8, 37-39), identification of biomarkers (40), and radiogenic isotopes (9, 41-43). The 
radiogenic Sr, Nd, Hf isotopes and the REE composition of aerosols at emission and deposition sites 
are shown to be particularly useful proxies for understanding changes in dust provenances and 
weathering regimes (9, 33). Most rare earth elements (REEs) show comparable values relative to the 
average composition of the upper crust, however the depletion or enrichment of several elements as a 
result of natural (e.g., chemical and physical weathering processes that lead to enrichment or depletion 
of heavy minerals such as zircon) or anthropogenic processes can be used as a tracer for source regions 
(33, 42, 44).  
 
Previously, Pourmand et al. (9) analysed Sr-Nd-Hf isotopes and REEs of Saharan dust collected in the 
Caribbean at Barbados between 2003 and 2011, and demonstrated seasonal shifts of dust sources and 
transport from the Sahara, as well as a systematic shift in nearly all geochemical proxies as a function 
of temporally variable dust plumes. Zhao et al. (45) compared these distal dust samples to surface 
sediments from the Sahara and Sahel, and also demonstrated the seasonal variation of dust 
provenance. Here, we present the radiogenic Sr-Nd-Hf isotope and REE composition of Saharan dust 
collected during three trans-Atlantic research cruises and from submarine sediment traps moored in the 
tropical North Atlantic Ocean. Their geochemical characteristics will provide a better understanding of 
dust transported and deposited over the open Atlantic Ocean. Alternative sources of lithogenic 
particles to the sediment traps from Amazon River sediments are investigated. By analysing the 
geochemical composition and combining them with particle-size data, we aim to shed light on the 
provenance of the lithogenic fraction in the sediment-trap samples of anomalously high depositional 
events. The data are compared to soil samples collected from Mauritania and to data from literature, to 
gain insights into the general provenance of the dust, whether that is North African or South 
American. Moreover, this dataset also allows for comparing the composition of dust particles collected 
from the atmosphere with those collected after sinking through the water column. 
 
 
Fig. 1. A: Location of the samples used in this study in the North Atlantic Ocean: Sediment-traps M1 (12 °N, 23 
°W) and M4 (12 °N, 49 °W); Soil samples from Mauritania; and average locations of aerosol samples collected 
during three research cruises: M65, M89 and 64PE395. The Caribbean island Barbados is indicated with a star. 
Photos of sample locations PNBA (B), Akjoujt (C) and Jraif (D) in Mauritania. 
 
2 Material and Methods 
 
2.1 Sample collection 
Saharan dust was collected at five mooring stations along a trans-Atlantic transect, as described by 
Van der Does et al. (23) and Korte et al. (25). The transect consisted of four stations along 12°N, and a 
fifth station at 13°N, with two sediment traps moored at each station at 1,200 m and 3,500 m below 
sea level (BSL). The sediment traps consisted of 24 sampling bottles which were pre-programmed to 
sample at synchronous intervals of 16 days, from 19 October 2012 to 7 November 2013 (46, 47). For 
this study, five samples from three different time intervals were analysed from two sediment traps, 
moored at 1200m below sea level at stations M1 (23°W) and M4 (49°W) (Fig 1, Table 1). These are 
synchronous sample intervals #12 (13-04-2013 – 29-04-2013) and #24 (22-10-2013 – 07-11-2013) 
from both stations, which showed anomalously high deposition fluxes at M4 (23), and #9 (24-02-2013 
– 12-03-2013) from M1, which is the sample with the largest dust flux from that station. 
 
  
Table 1. Sample intervals, positions of sampling, and modal particle size of sediment-trap samples, shipboard-
collected aerosol samples and Mauritanian soil sediments. 
 
Sample ID Sample type 
sampling interval location 
modal grain 
size (µm) from to 
lat (°N) long (°W) 
date time (UTC) date 
time 
(UTC) 
M1-U9 
Sediment trap 
24-2-2013 12-3-2013   
12.00 23.00 
  12.40 
M1-U12 13-4-2013 29-4-2013     13.61 
M1-U24 22-10-2013 7-11-2013     18.00 
M4-U12 Sediment trap 
13-4-2013 29-4-2013   
12.06 49.19   
7.08 
M4-U24 22-10-2013 7-11-2013     10.29 
M65-D3 
Aerosol 
13-6-2005 7:30 14-6-2005 13:30 15.95 17.54 * 26.14 
M65-D4 14-6-2005 15:30 16-6-2005 21:45 15.44 17.71 * 28.70 
M65-D5 16-6-2005 22:00 18-6-2005 13:00 14.52 17.45 * 28.70 
M89-F09 
Aerosol 
10-10-2012 9:09 11-10-2012 14:53 13.71 35.82 * 37.97 
M89-F10 11-10-2012 14:53 12-10-2012 10:00 13.09 37.45 * 37.97 
M89-F11 12-10-2012 10:00 12-10-2012 20:30 12.41 38.63 ** 41.68 
64PE395-F04 
Aerosol 
11-1-2015 21:30 12-1-2015 9:00 14.79 24.17 * 4.05 
64PE395-F06 12-1-2015 11:25 12-1-2015 17:20 13.68 23.67 * 4.05 
64PE395-F08 12-1-2015 22:43 13-1-2015 9:46 12.57 23.23 * 4.05 
PNBA 
Soil sediment 
18-11-2009 19.47 16.27     
Akjoujt 19-11-2009 20.07 13.79     
Jraif 20-11-2009 20.86 12.43     
          * average location of sampling at sea during transits 
      ** sampled during stationary interval 
        
Aerosol samples were collected during three different research cruises in the tropical North Atlantic 
Ocean: FS Meteor Expedition M65 in June 2005 (48), FS Meteor Expedition M89 in October 2012 
(46), and RV Pelagia Expedition 64PE395 in January 2015 (49)(Fig 1, Table 1). Samples from these 
three cruises were picked to represent three different seasons (summer, autumn and winter) of three 
different years, to shed light on possible differences in provenance of the dust in various years, and to 
be compared to the dust found in the sediment traps. During all cruises, aerosol sampling was 
performed with an Anderson high-volume dust collector, mounted on the deck above the bridge of the 
ship. Dust was collected on letter-sized Whatman Type 41 filters under a protective cover. The 
samplers were equipped with a wind vane which switched off the sampler during winds blowing at an 
angle >90° from the ship’s heading. This was done to prevent contamination from the ship’s exhaust 
behind the sampler (see e.g. 46). 
 
Soil samples were collected at various sites in Mauritania, one potential source and transit area of 
mineral dust, during a field campaign in 2009. These are named PNBA, Akjoujt and Jraif (Fig. 1), 
representing potential dust sources. The PNBA sample was taken from large (10–20 m) yellow dunes 
in Parc National de Banc D’Arguin (PNBA; Fig. 1B). The Akjoujt sample was taken from a relatively 
flat landscape with small (10–40 cm) vegetated dunes, about 70 km northeast of Akjoujt (Fig. 1C). 
The Jraif sample was taken from a dried-up lake bed in an area with mostly dunes close to Jraif (Fig. 
1D). Exact sampling locations are given in Table 1. 
 
 
2.2 Particle-size analysis 
The results of dust particle-size analysis of the samples from the sediment traps were presented by Van 
der Does et al. (23) and cited here for comparison. The dust was isolated from the filters of the 
shipboard-collected aerosol samples collected during cruises M65 and M89 by rinsing with Milli-Q 
water to remove the dust. The three filters collected during cruise 64PE395 were ashed in a low-
temperature asher (~100°C) to remove the dust from the filters. Immediately prior to grain-size 
analysis, a few drops of 0.1 M sodium pyrophosphate (Na4P2O7 10H2O) was added to the sample to 
ensure complete disaggregation of the particles. Particle-size distributions were obtained with a 
Coulter laser diffraction particle size analyser (LS13 320), equipped with a micro liquid module 
(MLM) as described by Van der Does et al. (23). The samples were homogenized during analysis by a 
magnetic stirrer, and the influence of air bubbles was minimized using degassed water. This resulted 
in particle sizes ranging from 0.375 to 2000 µm, distributed over 92 size classes. 
 
2.3 Radiogenic Sr-Nd-Hf systematics and REE composition 
Prior to radiogenic analysis, the samples were ashed in a quartz crucible at 750°C to remove all the 
organics, and were subsequently homogenized by grinding in an opal mortar and pestle. The two 
largest sediment-trap samples (M4-U12 and M4-U24) were split in two, of which one half the bulk 
sample and the other half the lithogenic fraction was analysed. To isolate the lithogenic fraction 
(<10% of bulk sample), the marine sediment-trap samples were treated to remove all biogenic 
constituents. This was performed by a sequential leaching procedure in several steps, based on the 
protocol described by Handley et al. (50). First, the sample was rinsed with Milli-Q water and 
centrifuged. Next, 1M sodium acetate (NaAc) in 25% acetic acid (HAc) were added to the sample to 
remove carbonates. Amorphous and crystalline Fe- and Mn-oxides, which can adsorb dissolved REEs 
from the ocean (51), were removed by adding 0.04M hydrolaxamine hydrochloride (NH2OAH.HCl) 
and nitric acid (HNO3). Finally, biogenic silica was removed by adding 2M sodium carbonate 
(Na2CO3), and samples were placed in an oven at 85°C for 5 hours. Every leaching step was followed 
by several rinsing and centrifuging steps. The samples were subsequently dried in an oven at 80°C. No 
specific size fractions were isolated before geochemical analysis. 
 
All samples were subsequently prepared following the method described in detail in Pourmand and 
Dauphas (52), Pourmand et al. (53) and Pourmand et al. (9). Briefly, the samples were fused with 
LiBO2 alkali flux at 1070°C and added to 6M HNO3 to ensure complete dissolution of refractory 
minerals. Radiogenic Sr, Nd, Hf isotopes and REEs were separated by a three-stage extraction 
chromatography scheme devised for high-precision isotope and elemental analysis on a Thermofisher 
Scientific Neptune Plus multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS) 
at the Neptune Isotope Lab, University of Miami. To check for possible contamination, procedural 
blanks were processed and analysed. Unless otherwise stated, the uncertainties on isotope ratios 
reported herein are at the 95% confidence interval. Variations in 143Nd/144Nd and 176Hf/177Hf are 
reported as εNd and εHf, expressed as deviations from the chondritic uniform reservoir (CHUR) 
values of 0.512630 ± 0.000011 and 0.282785 ± 0.000011, respectively (54). The abundances of REEs 
were normalized to the mean of Post-Archean Australian Shale (PAAS), as described by Pourmand et 
al. (53). The ratio of Lanthanum over Lutetium (La/Lu) is given, to represent the extent of light REE 
(LREE) over heavy REE (HREE) fractionation, which is related to the source rock composition as a 
function of its geochemical evolution through time. LREE are less compatible than HREE during 
partial melt, leaving the melt enriched in LREE and the residue in HREE, which can be used to discern 
source rocks of mantle and crustal origin. Sm-Nd model ages are also used for this purpose, and 
represent the crustal residence age of the source rocks. The rock ages are the result of the weakly 
radioactive 147Sm, which decays into 143Nd, and the crustal ratios of 143Nd/144Nd (55, 56). The 
147Sm/144Nd ratio of continental crust is generally lower than oceanic crust (55), and the difference 
becomes larger for rocks with younger ages. The Sm-Nd model ages are based on nominal value of 
0.51316 for 143Nd/144Nd of depleted mantle and modern 147Sm/144Nd of 0.2137 (57, 58). The anomalies 
for Cerium and Europium are calculated according to the following relationships, normalized to the 
mean values of La-Lu for Post Archean Australian Shale (PAAS; 59): 
 
Ce/Ce* = CeN / (LaN0.48 × PrN0.52)   (1) 
Eu/Eu* = EuN / (SmN0.45 × GdN0.55)   (2) 
 
Positive anomalies (>1) mean Cerium and Europium are enriched, while negative anomalies (0-1) 
indicate they are depleted relative to their trivalent REE neighbours. Ce and Eu anomalies of 1 means 
that all three REEs have a crust-like composition (60). As Ce and Eu can carry different charges than 
their normal trivalent charge (+4 and +2, respectively), this can lead to distribution anomalies relative 
to the trivalent REEs (55, 56, 61). Ce can be preferentially incorporated in zircon minerals (62) and Eu 
in plagioclase minerals (55, 63), leading to enrichments of these elements if these minerals are more 
abundant. Ce anomalies can also be affected by oceanic redox conditions, and Eu anomalies by 
hydrothermal input (55), in the case of the sediment-trap samples. 
 
 
Fig. 2. Grain-size distributions of the A: Sediment-trap samples (Van der Does et al., 2016), and B: Shipboard-
collected aerosol samples. 
 
3 Results 
 
3.1 Dust particle size 
The sample information, sampling day and time as well as samples’ modal grain size (µm) data are 
presented in Table 1. Particle-size distributions of the sediment-trap samples show that in general, 
particles deposited at M1 close to the east coast of North Africa are coarser-grained compared to 
samples from M4 at the more distal location (Fig. 2A; Table 1). This finding is intuitively logical as 
coarser-grained wind-blown particles are deposited closer to the source (23). In addition, Van der 
Does et al. (23) showed that seasonal changes in dust export exert control over the particle-size 
distribution of the dust, with coarser-grained particles in summer compared to winter. The sediment-
trap samples collected in autumn (sample interval #24) are coarser-grained than the samples collected 
in spring (#9 and #12). In contrast, however, the shipboard-collected aerosol samples do not show the 
typical downwind decrease in particle size as expected. Samples from M65 and M89 are similar in 
particle size, but very different in sampling location. The samples from M89 were not expected to be 
coarsest as they were collected farthest from their north-African source (Fig. 1). Samples collected 
during 64PE395 have the smallest dust particles, and show the highest symmetry. The relative 
enrichment of coarse particles to the distributions of M89 and M65 could be due to the strength of the 
winds and dust events. Indeed, these samples were collected during summer (M65) and autumn 
(M89), when wind strengths are higher , and the dust is transported at greater altitudes within the SAL 
(e.g. 64). For the samples collected during 64PE395, the ratio Median/Modal grain size—reflecting 
the difference between the most occurring value (mode) and the middle value (median)—is highest 
(~0.90), and thus the most similar, followed by the samples collected during M89 (~0.85) and M65 
(~0.69). Both the samples collected in spring (#12) by the sediment traps at M1 and M4 (solid lines) 
and the shipboard-collected aerosols from M89 show a “shoulder” on the coarse end of the grain-size 
distribution (Fig. 2). These coarse-grained particles may mostly include mica particles, which have a 
different aerodynamical behaviour due to their platy shape than more spherical quartz particles of 
similar diameter (23, 31), although the latter are also clearly present in the samples (23).\ 
 
3.2 Radiogenic isotopes 
Isotopic values for radiogenic Strontium, Neodymium and Hafnium are reported in Supplementary 
Supplementary Table 2. 87Sr/86Sr values for the sediment-trap samples range between 0.718942 ± 
0.000011(M4-24) and 0.723324 ±0.000013 (M1-24) (Fig. 3A). The shipboard-collected aerosol 
samples have lower 87Sr/86Sr values, averaging 0.713449 ±0.0032, with the samples from M65 being 
the least radiogenic, and collected closest to the source. The Mauritanian sediments have Sr isotopic 
values similar to the sediment-trap samples except for the sample collected near Akjoujt, which is 
considerably more radiogenic than any of the samples or the source regions (Fig. 3B; 87Sr/86Sr = 
0.745105 ±0.000011). 
 
 
Fig. 3. Radiogenic Sr and Nd isotopes. A: Samples from sediment traps, shipboard-collected aerosols and 
Mauritanian sediments. B: The data are compared to published data: Aerosols collected on Barbados 
(Pourmand et al., 2014), sediments from the Amazon Basin, the Bodélé Depression in Chad (Abouchami et al., 
2013), and suspended sediment load from the Solimoes and Madeira Rivers (Viers et al., 2008). Error bars 
define 95% confidence intervals, which for Sr is smaller than the size of the symbols. 
 
The εNd values of the sediment-trap samples and the shipboard-collected aerosol samples cluster 
between -11.2 ±0.26 (64PE395-F04) and -14.0 ±0.11 (M1-U24), with mostly overlapping 
uncertainties (Fig. 3A). The sediment-trap samples collected at M1 have slightly lower εNd values 
(average -13.7 ±0.62) than samples collected at M4 (average -12.8 ±0.13). The Mauritanian sample 
Akjoujt also has a considerably lower εNd value (-20.0 ±0.17) and falls well outside any source-region 
ranges previously reported (Fig. 3B).  
 
The Hf isotopic composition of the samples shows higher εHf values for finer-grained dust samples, 
and decreasing values for coarser-grained samples (Fig. 4A; Supplementary Table 2). Sediment-trap 
samples from the most proximal station M1 have less radiogenic εHf values ranging from -17.2 ±0.41 
(M1-U24) to -15.3 ±0.3 (M1-U9), with the coarsest sample having the lowest εHf value (M1-24) and 
the finest sample the highest (M1-09). These samples plot along the igneous rock array (Fig. 4A). 
Samples collected at M4 have relatively more radiogenic εHf values, with the coarsest sample (M4-
24) having the lowest εHf value (-12.8 ±0.98) and the finest sample (M4-12) the highest (-9.3 ±0.68). 
These data plot between the igneous rock array and the zircon-depleted sediment array (Fig. 4A). 
Shipboard-collected aerosols of M65 have the least radiogenic εHf values and plot closest to the 
zircon-bearing sediment array. These samples are among the coarsest aerosol samples and are 
collected closest to the source of all the samples. Sample M65-D3 is an exception, with a highly 
radiogenic εHf value of -1.7 ± 5.00, albeit with a large uncertainty. Aerosol samples of M89 and 
64PE395 plot close to the zircon-depleted sediment array, in the same range as the M4 sediment-trap 
samples. The Mauritanian sediments have values similar to the most proximal sediment-trap samples 
at M1, and the shipboard-collected aerosol samples of M65 (Fig. 4A). 
 
 
Fig. 4. Radiogenic Hf and Nd isotopes. A: Samples from sediment traps, shipboard-collected aerosols and 
Mauritanian sediments. B: The data are compared to aerosols collected on Barbados (Pourmand et al., 2014). 
Seawater, sediment and rock arrays are defined by Bayon et al. (2009). Error bars define 95% confidence 
intervals. 
 
3.3 Rare Earth Elements 
The REE patterns for the sediment-trap samples show an enrichment for Eu (Fig. 5A), with Eu 
anomalies ranging between 1.12 and 1.16 (Fig 6A; Supplementary Table 3). These samples are also 
slightly enriched in heavy REEs (HREE, Gd-Lu), with ΣHREE values ranging between 6.4 and 7.9. 
The shipboard-collected aerosol samples have similar REE patterns as the sediment-trap samples, but 
lack the HREE enrichment (Fig. 5B). These samples also show larger Ce anomalies, averaging 1.06, 
1.04 and 1.10 for M65, M89 and 64PE395 samples, respectively (Fig. 6A). Eu-anomalies are very 
similar for both the sediment-trap samples (average 1.14) and the shipboard-collected aerosol samples 
(average 1.17), but Eu anomalies for two of the Mauritanian sediments are elevated; 1.18 and 1.56. 
Contrastingly, the REE patterns of the Mauritanian samples look very similar to the sediment-trap 
samples (Fig. 5A), with ΣHREE values ranging between 1.79 and 2.82, and Eu anomalies ranging 
between 1.39 and 1.56. (Fig. 6B). 
 
 
Fig. 5. PAAS-normalized REE concentrations of samples from sediment traps and Mauritanian sediments (A) 
and shipboard-collected aerosols (B). The data are compared to published data: Aerosols collected on Barbados 
(Pourmand et al., 2014), sediments from the Amazon Basin, the Bodélé Depression in Chad (Abouchami et al., 
2013), and suspended sediment load from the Solimoes and Madeira Rivers (Viers et al., 2008), also normalized 
to PAAS. 
 
Sm-Nd model ages are highest for the Mauritanian sediments (1.9–2.5 Ga), and similar for the 
sediment-trap samples (1.6–1.8 Ga) and shipboard-collected aerosol samples (1.7–1.9 Ga) (Fig. 6D; 
Supplementary Table 3), indicating that the age of the source rock is the same for the latter two. 
However, these are model ages and their relative values are more meaningful than the absolute ages. 
Their distinction is clearer in combination with LaN/LuN values, which is higher for the shipboard-
collected aerosol samples (up to 1.22) than for the sediment-trap samples (0.68–0.92; Fig. 6C). The 
sediment-traps show similar values, close to the aerosol samples. The sediments collected at Jraif from 
Mauritania most closely resembles the dust samples. 
 
 
Fig. 6. A: Eu- and Ce-anomalies of samples from sediment traps and shipboard collected aerosols. B: The data 
including Mauritanian sediments, and compared topublished data: Aerosols collected on Barbados (Pourmand 
et al., 2014), sediments from the Amazon Basin, the Bodélé Depression in Chad (Abouchami et al.,  2013), and 
suspended sediment load from the Solimoes and Madeira Rivers (Viers et al., 2008). C and D: Sm-Nd model age 
and LaN/LuN of the same samples. 
 
4 Discussion 
 
4.1 Relation between Strontium and particle size 
Several studies have reported that Sr isotopes in particular maybe prone to grain-size dependence in 
their isotope composition (42, 65). This is in turn related to the mineralogy, given that elemental Sr is 
preferentially enriched in minerals of low density and high buoyancy. Specifically, fine fractions are 
expected to have more radiogenic Sr isotopic values as these are usually composed of particles that are 
more prone to weathering such as clay minerals and micas (66), which have higher Rb/Sr ratios, 
resulting in more radiogenic 87Sr/86Sr compositions for fine-grained particles (42, 66, 67). Contrary to 
this general expectation, however, the dust samples that were measured in this study do not exhibit a 
notable grain-size dependence between samples with different modal particle sizes with respect to Sr 
isotopic values (Fig. 7A). If particle size was the only variable affecting the Sr isotopic composition of 
the samples, one would expect more radiogenic values at M4 with finer-grained particles (7.1–10.3 
µm). However this is not the case for the dust of different sizes at the different stations, nor between 
the individual samples at M1 (12.4–18.0 µm). Only at M4 does the finer-grained dust sample show 
more radiogenic Sr values than the coarser-grained sample. In the case of the samples studied here, the 
Sr isotopic values are therefore likely the result of a provenance signal that appears to dominate over 
the influence of the grain-size effect. As the Sr isotopic values of the sediment-trap samples are mostly 
>0.720, a source in the west of northern Africa can be expected (33). 
 
 
Fig. 7. Relation between Sr-Nd-Hf isotopes and dust modal grain size. Arrow indicates the expected relation 
between size and isotopic composition. 
 
For the shipboard-collected aerosols, the lack of relation between particle size and distance to the 
source may be related to the influence of seasonality, inter-annual variability and specific dust events, 
which can be related to differences in wind speed and changes in the provenance of the dust particles. 
Indeed, samples collected during 64PE395 have the smallest dust particles, related to finer-grained 
dust transport during winter, while coarser-grained dust is observed in summer and fall, in agreement 
with previous findings from sediment-trap samples along the sampled transect (23). The shipboard-
collected aerosol samples do not show significant variation in Sr isotopic values, despite the particle 
size being very different (Fig. 7A), also among the individual samples of the different sampling 
campaigns. This is contrary to previous findings of a strong relation between particle size and Sr 
isotopic composition, although this was established for size-separated fractions of dust (42, 65). Two 
of the shipboard-collected aerosol samples of M65, closest to the African coast, are exceptions and 
have the lowest Sr isotopic values (Fig. 3A). Although these samples are not the coarsest, they may 
have relatively more quartz particles than clay particles due to their proximal location to the source, 
influencing radiogenic Sr values. Alternatively, a relatively larger contribution of less radiogenic 
carbonates could have influenced the radiogenic Sr values, although we would expect the three 
samples of M65 to be similar in composition, as these were collected very close to each other, both 
geographically as well as temporally. The “shoulder” at the coarse end of the grain-size distributions, 
possibly related to a larger amount of platy mica particles, can also influence the isotopic signature, 
although this is not clear for the samples presented here. In addition, an aspect of the transport distance 
that may be overlooked is that the samples closer to the west-African coast are seemingly closer to 
their possible source areas, but the dust found in these samples could originate from sources much 
further inland. 
 
4.2 Relation between Neodymium and particle size 
In contrast to Sr isotopes, Nd isotopes are not expected relate to the dust’s particle size (42, 66), 
related to the different geochemical behaviour of elemental 87Sr and its parent isotope 87Rb, and a more 
similar behaviour between 143Nd and its parent isotope 147Sm, respectively. Sr is more easily lost from 
minerals during weathering processes than Rb, and Sm and Nd show similar responses to weathering 
(66). Indeed, no relation between the Nd isotopic values and the dust’s modal grain size is observed 
(Fig. 7B). The low Nd isotopic values of the shipboard-collected aerosols and sediment-trap samples 
also point to a source area of the dust in a more western region of northern Africa (33). The 
Mauritanian sediments show similarities to the sediment-trap samples, except for the sample from 
Akjoujt, which is different in all isotope systems and which may therefore not be representative of the 
average composition of the source soil. Nevertheless, it must be noted that highly radiogenic Sr values 
in combination with less radiogenic Nd isotopic values have been reported for Mauritania (33). 
However, the interpretation of these soil samples as long-range mineral dust should be done with 
caution, considering potential aerosol samples might be substantially different than the soil sediments 
(9). We also note that these particles can inherently have very different particle-size distributions, and 
mineral and chemical composition as a result from sorting during dust generation, transport and 
deposition. This sorting occurs as the dust is transported in different ways during different seasons, at 
different altitudes, which results in the falling out of different minerals affecting the total composition 
of the deposited dust and the remaining airborne dust (33). These findings place more emphasis on the 
need to characterize erodible soil with high potential for generating airborne particles in potential 
source regions to allow for a consistent comparison of dust particles between source and sink, based 
on their geochemistry, as Zhao et al. (45) did for four potential source regions in northern Africa. 
 
4.3 Relation between Hafnium and particle size 
The grain-size dependence of Hf isotopes is the result of gravitational settling of zircons during 
transport, and is known as the “zircon effect” (67, 68). Zircon minerals typically have low 176Hf/177Hf 
isotopic ratios due to their extremely low Lu/Hf ratios, which results from Lu exclusion and Hf 
incorporation in the crystal structure of zircons (69). Heavier zircon particles are deposited close to the 
source during atmospheric transport, changing the Hf isotopic composition of dust aerosols with 
increasing transport distance towards more radiogenic Hf isotopic values (67, 68). The more 
radiogenic Hf isotopic values for fine-grained dust samples and lower 176Hf/177Hf for coarser-grained 
samples is observed for all the sediment-trap samples (Fig. 7C), in combination with the fine-grained 
Barbados samples that have high εHf values. These samples all plot close to the zircon-depleted 
sediment array (Fig. 4B). Here it seems that the zircon effect for these samples is superimposed on the 
isotopic signature resulting from different dust provenances. The low εHf values for the samples 
collected during M65 can be similarly explained as a relative enrichment of zircons, as these are 
generally deposited and collected close to the source. The more distal samples collected during the 
M89 and 64PE395 sampling campaigns have more radiogenic Hf isotopic values close to the zircon-
free sediment array, similar to the Barbados and M4 samples. 
 
4.4 Comparison to dust collected at Barbados 
To examine the influence of long-range transport, the presented data are compared to atmospheric dust 
collected at Barbados between 2003 and 2011, in 2007 and in 2013, with Sr isotopic values averaging 
0.715804 ±0.0026 (9), 0.720120 ±0.0034 (10) and 0.711754 ±0.0015 (8), respectively. These are 
similar to the shipboard-collected aerosols, but less radiogenic than the deposited dust as found in the 
sediment-trap samples (Fig. 3B). The dust mean particle size for mineral dust collected at Barbados is 
much finer-grained (smaller than 5 µm; 70) than the samples analysed for this study. As a result, one 
would expect the highest 87Sr/86Sr values, in line with the expected relation between particle size and 
Sr isotopic composition. Nevertheless, these values appear to be among the least radiogenic, and the Sr 
isotopic composition are more likely the result of differences in dust provenance (that is related to the 
age of the source rocks and the mineralogical composition). Dust collected at Barbados in 2013 by 
Bozlaker et al. (8) is expected to be similar to the dust collected in the same period by the sediment 
traps. However, these dust samples collected at Barbados have systematically lower Sr isotopic values, 
and therefore are not necessarily related to dust provenance only, and thus possibly related to transport 
distance, which affects dust particle size and mineralogy. The reason why this is not clearly present for 
the shipboard-collected aerosol samples is due to the different years and season of dust collection, and 
therefore overprinted by the differences in dust provenance. The lack of a clear relationship between 
Sr isotopic composition and particle size of the shipboard-collected aerosol samples could also result 
from a strong Sr signal from one particular size class within the sample, thereby dominating the Sr 
signal from over the other size classes. This also illustrates the significance of source-related signals in 
contrast to size-controlled signatures of dust particles. Seasonal changes in isotopic signature related to 
differences in provenance were also found by Zhao et al. (45), who compared the isotopic signature of 
clay-sized sediments from source areas to long-range transported dust to Barbados during 2013 and 
2014 dust seasons, and by Kumar et al. (10), who compared dust collected at the proximal Cape Verde 
Islands to dust collected at Barbados. The latter group found more variable Sr and Nd isotopic 
compositions during winter at the proximal Cape Verde Islands, reflecting changing dust provenance 
(10). They also found isotopic compositions to be more stable during the summer, similar to the dust 
collected at distal Barbados, reflecting a more stable dust source or consistent mixing of different 
sources during this time. Therefore, the measured Sr isotopic signal in the shipboard-collected aerosol 
samples is likely the result of the provenance of the dust, which can vary between the seasons, and 
also annually. 
 
4.5 Examining possible contributions from Amazon River sediments 
The westernmost mooring M4 (49°W) is located in the vicinity of Amazon-River outflow, and 
therefore a possible sediment contribution may come from Amazon riverine lithogenic particles. 
Saharan dust is virtually the only source of lithogenic sediments to the deep sea in the eastern Atlantic 
Ocean, but west of the mid Atlantic ridge there is a large influence of riverine sediments from the 
Amazon and Orinoco rivers and nepheloid layers (43, 71). In two of the twenty-four sampling 
intervals, #12 (13-04-2013 – 29-04-2013) and #24 (22-10-2013 – 07-11-2013), very high deposition 
fluxes were observed (23, 25), leading to question the origin of the lithogenic particles as Saharan dust 
only. Nutrients carried with the Amazon River outflow reached the sediment-trap sampling site and 
influenced phytoplankton productivity, resulting in increased coccolithophore fluxes (72). The 
question remains if part of the lithogenic fraction found in the sediment-trap samples may originate 
from Amazon River sediments. Geochemical analysis of these samples and synchronous samples at 
the easternmost mooring M1 (23°W) could shed light on the provenance of the lithogenic fraction 
found in the sediment traps. To test the hypothesis of a possible influence of Amazon sediments to the 
sediment trap at M4, the data are compared to sediments collected from the Amazon Basin and the 
Bodélé Depression (41), and to suspended sediment load from two tributaries of the Amazon River; 
the Madeira and Solimoes Rivers (73). 
 
The combination of Sr and Nd isotopes can give a better insight into the potential source areas of the 
deposited dust (9, 33, 43, 45, 74). Sediments collected in the Amazon Basin (41) and from the 
Solimoes and Madeira Rivers (73) show different εNd - 87Sr/86Sr values than the Saharan dust samples 
(Fig. 3B) as collected by the sediment traps, via shipboard aerosol collection and the atmospheric dust 
sampled at Barbados (8, 9). The Solimoes River sediments have lower Sr isotopic values than the 
sediment-trap samples but similar values to the shipboard-collected aerosol samples. However, the 
Solimoes River sediments yield more radiogenic Nd isotopic values. The Madeira River sediments 
show more similar Nd isotopic values but more radiogenic Sr isotopic values compared to the various 
dust samples. The combination of both radiogenic isotopes clearly illustrates the difference between 
the Amazon-derived sediments and Saharan-dust samples. In contrast to the geochemical signatures 
found in South-American sediments, the samples collected from the Bodélé Depression (41) are more 
similar to the Saharan dust samples, although over a wide range for both Sr and Nd composition, and 
strengthens the hypothesis of a north African provenance dominating the Atlantic dust particles.  
 
The REE concentration patterns can also be used to distinguish between different sources of lithogenic 
material. The REE patterns of the dust samples collected at Barbados (9) are nearly identical to the 
shipboard-collected aerosol samples (Fig. 5B). The sediment-trap samples also show similarities with 
the Barbados samples, and have an apparent enrichment of HREE (Fig. 5A). Between 1 and 3% of the 
REEs can be dissolved into seawater, with especially the middle REEs (Eu–Er) showing greater 
solubility than LREE and HREE (75). This small amount of solubility may have slightly affected the 
middle REEs of sample M4-12 (Fig. 5A). The samples are also closely related to the samples collected 
from the Bodélé area (41), with a similar Eu-enrichment. The sediment-trap samples are also very 
similar to the aerosol samples collected over the Atlantic, as well as to the aerosol samples from 
Barbados, demonstrating that the dust fraction was effectively isolated from the marine samples. The 
similarity of REE patterns from sediment-trap samples from M1 and M4 already indicates a minimal 
influence of Amazon-derived sediments to the M4 samples, as these will never reach as far east as M1 
without being sedimented to the ocean floor. At the same time, the REE profiles from the sediment 
traps differ greatly from those originating from the Amazon Basin, demonstrating the different origin 
of the sediments in the sediment-trap samples. 
 
The difference with the sediments collected from the Amazon Basin once again highlights the unlikely 
contribution from Amazon River sediments to the sediment-trap samples. The Amazon Basin 
sediments show depleted Middle REEs and enriched HREEs, making the samples distinctly different 
from the Saharan dust samples. However, the sediments collected from the two tributaries of the 
Amazon River, the Solimoes and Madeira River (73), show more similar REE concentration patterns 
to the Saharan dust samples, with an enrichment in Eu and no enrichment in HREEs, and even a 
HREE depletion for the Madeira River samples (Fig. 5A). The REE signature from the Amazon 
sediments is the result of LREE depletion due to salt-induced coagulation or river borne colloidal 
REEs in low salinity regimes, making them more fractionated (60). The Madeira and Solimoes rivers 
show less fractionation since these are more representative of upstream waters that did not experience 
mixing with the oceanic end member. Riverine sediments that would have travelled towards the 
sediment traps would be expected to show this fractionated REE signature, which is not present in the 
sediment-trap samples. Instead, the sediment traps show a small enrichment in HREEs compared to 
the aerosol samples, which is likely due to the influence of seawater REE signature; enriched in 
HREEs and depleted in LREEs (55, 60). 
 
4.6 REE anomalies 
Ce anomalies of the aerosol samples are all positive (>1), meaning similar to the continental crust (60). 
Positive Ce anomalies can be indicative of more zircon particles in the sample. Therefore, a positive 
Ce anomaly would be expected for Saharan dust samples, in contrast to the dissolved fraction that 
shows a negative Ce anomaly (60). The sediment-trap samples indeed all show negative Ce anomalies. 
However, while others have reported both positive and negative Eu anomalies for refractory fractions 
in sediment-trap samples (51), all the samples from this study (aerosols, sediment-trap samples and 
Barbados samples) show positive Eu anomalies. The individual shipboard-collected aerosol samples 
seem to mostly group together for each sampling campaign, indicating this dust, sampled in close 
proximity not more than a day apart, likely has a stable source area. 
 
The shipboard-collected aerosol samples show Sm-Nd model ages and LaN/LuN values similar to the 
aerosol samples collected at Barbados, and to sediments from the Bodélé depression. Contrastingly, 
the data differ greatly from sediments from the Madeira River and Amazon Basin, but are similar to 
sediments collected from the Solimoes River (Fig. 6D). 
 
5 Conclusions 
Our results do not show a systematic shift in Sr isotope composition with dust particle size as expected 
with changes in mineralogy of transported particles of progressively smaller size. We therefore 
hypothesize that a combination of particle size, related to transport distance and seasonal changes in 
dust transport, and changes in dust provenance should be considered when interpreting Sr isotope data 
in aerosols. Also the Nd isotopic compositions do not show clear relations to dust particle size, in line 
with previous results (42, 66). The relation to particle size as shown by the Hf isotopic composition is 
due to the zircon effect (67, 68), as coarse-grained zircon particles are deposited close to the source, 
thereby progressively shifting the Hf isotopic composition of aerosols to more radiogenic values with 
distance from the source. Therefore, the Hf isotopic composition would only be suited for source 
identification when the dust is sampled in a single location, as the Hf isotopic composition is 
influenced by dust transport distance and particle size. When sampling in a single location, the Hf 
isotopic composition would only change as a function of changing sources, and not as a result of 
changing sampling locations. 
 
The similarity of REE patterns and isotopic composition of the samples from the distal sampling 
station M4 to the most proximal station M1 shows that Saharan dust dominates the terrigenous 
fraction all along the trans-Atlantic transect, and that the contribution of Amazon-derived sediments to 
the sediment-traps is minimal. The REE patterns of the sediment-trap samples and shipboard-collected 
aerosols are also similar to dust collected at Barbados and samples from the Bodélé Depression in 
Chad, and very different from Amazon basin sediments. This makes an Amazon origin of the 
lithogenic particles again unlikely. The REE data from two tributaries of the Amazon River, however, 
are not conclusive, albeit expected to become more fractionated downstream. These are excluded as 
potential sediment sources to the sediment-trap samples due to their different Sr-Nd isotopic 
signatures to the Saharan dust samples. Rather, the combination of Sr-Nd isotopes of the dust samples 
point to a source somewhere in the western region of northern Africa. 
 
Sediment-trap samples that sampled at the same time interval (M1-12 and M4-12; M1-24 and M4-24) 
are expected to have the same dust source, as they were sampled at the same time and at the same 
water depth. This is because the source of the dust within one dust cloud can be assumed to remain the 
same downwind, as no additional dust is added to the dust cloud while crossing the Atlantic Ocean. 
However, the composition of the dust can slightly change downwind due to the sedimentation of 
coarser and heavier particles earlier during transit, although the source remains the same. Differences 
in isotopic signature are therefore related to transport distance as a result of size and mineralogy 
fractionation, and not to changes in dust provenance for that particular time interval. The same can be 
seen when comparing the sediment-trap samples to dust collected even further downwind at Barbados 
in the same sampling year. However, the shipboard-collected aerosol samples from individual 
sampling campaigns are collected in close proximity to each other with little time between them, and 
also show a similar compositional variability as the sediment-trap samples, which is apparently a 
normal range for the average isotopic composition of a dust cloud. Sampling on an even higher 
resolution in both space and time should give more insights on the reproducibility of such shipboard-
collected aerosols, and the short-term evolution of the (average) isotopic composition of a dust cloud. 
In interpreting the geochemical composition of aerosols, the influence of source provenance based on 
soil composition, sampling season and year, transport mechanisms, distance from the source and 
thereby particle size and mineralogy segregation should be considered. 
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